ABSTRACT. Spermatogonial stem cells (SSCs), the unique seed cells of testes, can undergo meiosis and form spermatozoa, thus transmitting genetic information to offspring. Research concerning these cells explores the mechanism underlying spermatogenesis, making possible the induction of their differentiation into spermatozoa in vitro. SSCs have therefore attracted much interest among scientists. Although the proliferation of such cells in vitro has been demonstrated, we are unaware of any long-term laboratory culture of porcine SSCs. The objective of this study was to isolate, characterize, culture, and induce the differentiation of Bama mini-pig SSCs. SSCs were isolated using differential plating and cultured for over 100 days on an STO feeder cell layer without serum. Cell clusters appeared after three passages and continuously formed during subsequent cultivation. Staining showed that these clusters were positive for UCHL1 and CDH1, could be bound by Dolichos biflorus agglutinin, and that some cells expressed OCT4. Ultrastructure observations revealed SSCs in testis tissue to be round in shape, while those cultured in vitro were flat and bound together. Our attempts at inducing differentiation showed that SSCs cultured in vitro could undergo meiosis. In this study, we describe an effective culture system for Bama mini-pig SSCs capable of producing enough cells to establish a platform for further SSC research, such as genetic manipulation or exploration of the mechanism underlying spermatogenesis.
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INTRODUCTION
Spermatogonial stem cells (SSCs), the foundation of spermatogenesis in testes, are located within a microenvironmental niche in the basement membrane of the seminiferous tubule. These cells are one of the vehicles through which genetic information is transmitted from one generation to another, and have therefore gained much attention because of their potential value in the production of transgenic animals (Takehashi et al., 2010) . Proliferation of SSCs can provide enough cells for genetic manipulation to be carried out. The creation of transgenic SSCs and injection of the resulting spermatozoa into oocytes could be used to produce genetically modified embryos, providing an efficient method for transgenic animal production based on normal fertilization.
The isolation, cultivation, and induced differentiation of SSCs will enable infertile men to father their own offspring. Recent research has shown that SSCs isolated from neonatal mice have the ability to generate pluripotent cells (Guan et al., 2006) . Moreover, SSCs can be transformed to exhibit embryonic stem cell (ESC)-like qualities and pluripotency (Lim et al., 2013) . Zhou et al. (2016) reported that murine germ cells derived from ESCs can undergo meiosis and be used to produce transgenic mice. In addition, the differentiation of bovine germline stem cells has been induced in vitro, revealed by expression of meiosis markers such as stimulated by retinoic acid 8 and synaptonemal complex protein 3 (Li et al., 2016) . Such research demonstrates the feasibility of inducing SSC differentiation and spermatid formation, providing hope for azoospermic men who wish to father children.
In recent years, a number of SSC markers have been discovered, providing a convenient method for the identification of these cells in vitro. Cadherin-1 (CDH1) expression has been detected in type A spermatogonia in mouse testis tissue and used to identify mouse SSCs (Tokuda et al., 2007) . Octamer-binding transcription factor 4 (OCT4), promyelocytic leukemia zinc finger protein, VASA, and glial cell line-derived neurotrophic factor (GDNF) family receptor alpha-1 (GFra1) are expressed in undifferentiated SSCs in mouse testes, and are considered molecular markers of these cells (Pesce et al., 1998; Tanaka et al., 2000; Buaas et al., 2004; von Schönfeldt et al., 2004) . Oatley et al. (2011) reported that inhibitor of DNA binding 4 is only expressed by type A single spermatogonia, and thus should be a dependable SSC indicator. In mammals, several molecular markers have also been identified, including Dolichos biflorus agglutinin (DBA), which specifically binds to undifferentiated male germ cells in piglet testes (Goel et al., 2007) . In addition, ubiquitin carboxyl-terminal hydrolase1 (UCHL1), expressed in undifferentiated pig testis germ cells, has been used to identify SSCs in bovine and porcine testes (Goel et al., 2007; Fujihara et al., 2011) . THY1 cell surface antigen is known to be expressed by SSCs in many domestic animals, including pigs and goats (Wu et al., 2013; Zheng et al., 2013) . The discovery of these markers makes possible the identification of SSCs cultured in vitro.
Until recently, the growth of SSCs in the laboratory has been highly challenging owing to the absence of an appropriate culture system, but in the past 10 years, great progress has been made thanks to the discovery of factors supporting the proliferation of these cells. Among these is GDNF, a member of the transforming growth factor-β superfamily. GDNF was originally identified because of its role in supporting midbrain dopaminergic neurons, and is normally secreted by Sertoli cells. Previous research has shown that GDNF overexpression blocks the differentiation process, leading to the accumulation of undifferentiated male germ cells in mice (Meng et al., 2000) . Moreover, SSCs are capable of proliferating in medium supplemented with basic fibroblast growth factor (bFGF) and GDNF (Kanatsu-Shinohara et al., 2005) . GFra1 also promotes SSC growth in vitro (Kubota et al., 2004) . The characterization of these growth factors allows the culture of SSCs in the laboratory. The establishment of efficient culture systems is of great value to the study of these cells, permitting them to be produced in sufficient quantities for basic research or genetic modification. The first successful long-term culture of mouse germline stem cells employed mitomycin C-inactivated embryonic fibroblasts (Kanatsu-Shinohara et al., 2003) . Recently, it has been demonstrated that SSCs are able to proliferate in a novel culture system from which both a feeder layer and serum are omitted (Kanatsu-Shinohara et al., 2011) . Buffalo SSCs have been cultured in vitro (Kala et al., 2012) . while in 2013, the in vitro proliferation of porcine SSCs for 60 days at 31°C was reported (Lee et al., 2013) . Mouse SSCs can be multiplied in medium supplemented with Knockout Serum Replacement (Aoshima et al., 2013) . These cells have also been maintained for 5 months in laminin-coated dishes without serum (Kanatsu-Shinohara et al., 2014) . Shortterm cultures of human SSCs have been established (Zheng et al., 2014) while their bovine equivalents can be grown in cultures lacking both serum and a feeder layer (Li et al., 2016) . However, to the best of our knowledge, porcine SSCs have not been successfully proliferated long-term in vitro.
The Bama mini-pig is a domestic animal in China reared for both economic reasons and scientific research (Hu et al., 2015) ; therefore, we used it as a model in the current work to investigate SSCs.
MATERIAL AND METHODS

Animals
A 1-month-old Bama mini-pig was obtained from the Animal Experiment Center of our university. The pig lived in an enclosed barn kept at 20°C and was fed daily. The procedures involving animals carried out in this study complied with the guidelines of the Animal Care and Use Committee of the Germplasm Resource Center of the Chinese Experimental Mini-pig and the Institutional Animal Care and Use Committee of Guangxi University.
Isolation of SSCs
SSCs were isolated from the testis of the abovementioned Bama mini-pig. The collected testes were placed on ice and transported to the laboratory within 20 min. Isolation of SSCs was performed as follows: testes were sterilized in 75% alcohol for 10 min, washed three times in Dulbecco's phosphate-buffered saline (DPBS; catalogue No. 21600010; Gibco, Carlsbad, CA, USA), decapsulated, rinsed three times with DPBS, and minced with sterilized scissors into small pieces, before 2 g testis tissue was harvested for digestion. The tissue was suspended in Dulbecco's modified Eagle's medium (DMEM)/F12 containing 1 mg/mL collagenase (Sigma, St. Louis, MO, USA) and 5 µg/mL DNase I, incubated at 37°C for 40 min in a shaking waterbath operated at 90 cycles/min, and washed three times in DMEM/F12 to remove most of the interstitial cells. The seminiferous tubules were harvested and incubated in DMEM/F12 containing 1 mg/mL collagenase, 5 µg/mL DNase I, 1.5 mg/mL hyaluronidase, and 0.25% trypsin-ethylenediaminetetraacetic acid for 30 min under the conditions described above. Digestion was terminated by adding DMEM/ F12 containing 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA), before harvesting and suspending the dispersed cells in DMEM/F12, and successively filtering them through 70-and 40-µm cell strainers (BD Biosciences Discovery Labware, Woburn, MA, USA). After a 60-h incubation at 32.5°C on gelatin-coated dishes containing DMEM/F12 with 10% FBS, unattached cells were collected. Differential plating was then carried out for further purification as follows: the harvested cells were incubated for 4 h at 32.5°C on collagen-coated dishes containing DMEM/F12 with 10% FBS, then unattached cells were collected and re-plated on laminin-coated dishes, before a 2-h incubation in the same medium. Finally, the attached cells were harvested.
Immunohistochemistry of testicular tissue
Immunohistochemical staining was performed to identify SSCs in tissue sections. The primary antibody used was rabbit anti-human protein gene product 9.5 (UCHL1; 1:200 dilution; AbD Serotec, Kidlington, UK), whereas the corresponding secondary antibody was Alexa Fluor488-labeled donkey anti-rabbit immunoglobulin g (1:500 dilution; Invitrogen Molecular Probes, Eugene, OR, USA). Sections were also stained with rhodamine-labeled DBA (1:100 dilution; Vector Laboratories, Inc., Burlingame, CA, USA). Antibodies and DBA were diluted using 3% bovine serum albumin (BSA; Sigma) in PBS.
Immunohistochemical staining was carried out as follows: sections were dewaxed, rehydrated, placed in a microwavable container with 500 mL 10 mM sodium citrate, pH 6.0, heated for 10 min at 90°C in a microwave for antigen retrieval, and incubated with 0.5% Triton X-100 for 15 min. After being blocked in 10% normal goat serum in DMEM/F12 for 30 min, sections were incubated with 200 µL primary antibody at 37°C for 3 h, then 200 µL secondary antibody at room temperature for 1 h. Following a final incubation with 200 µL 10 mg/mL Hoechst 33342 for 3 min to visualize nuclei, the sections were washed in PBS and mounted with VECTASHIELD mounting medium (Vector Laboratories, Inc.). For double staining, rhodamine-labeled DBA (1:100 dilution) was mixed with the secondary antibody solution. Primary antibody was replaced by 3% BSA in PBS for the negative control.
In vitro culture of isolated SSCs
Harvested cells were seeded on a mitomycin-treated STO feeder layer and incubated on culture dishes containing a serum-free patented medium (patent No. CN201210549380.5). The cells were cultured in a 5% CO 2 atmosphere at 37°C, with the medium being changed daily. After 4-5 days, cells were collected by gentle pipetting, and passaged to a new STO feeder layer.
Immunocytochemical staining of SSCs
Germ cell clusters were characterized by double staining with rhodamine-labeled DBA (1:100 dilution) and primary antibodies, including anti-UCHL1 (1:200 dilution) and anti-CDH1 (1:200 dilution). Briefly, the cells were fixed in 1 mL 4% paraformaldehyde, washed for 5 min in 1 mL PBS three times, permeabilized with 1 mL 0.5% Triton X-100 in PBS for 10 min, and incubated with1 mL 10% normal goat serum in DMEM/F12 for 30 min at room temperature to block non-specific binding. Cells were then incubated overnight at 4°C with one of the primary antibodies mentioned above (300 µL), given a further three 5-min washes in 1 mL PBS, and exposed for 30 min at room temperature to 300 µL Alexa Fluor 488-labeled donkey anti-rabbit IgG (1:500 dilution) mixed with 300 µL DBA. After a final wash with 1 mL PBS, cells were stained with 300 µL 10 µg/mL Hoechst 33342 to visualize nuclei, mounted with VECTASHIELD, and photographed under an fluorescence microscope (Eclipse 50i; Nikon, Tokyo, Japan). Germ cell clusters were also stained with anti-OCT4 antibody (1:100 dilution; Abcam Inc., Cambridge, MA, USA), and the corresponding fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (heavy and light chain) polyclonal secondary antibody (1:1000 dilution; Abcam, Hong Kong, China). For the negative control, primary antibodies were replaced by 3% BSA in PBS.
Observation of SSC ultrastructure in testes and in vitro culture
Testes were collected from a 1-month-old Bama mini-pig for ultrastructure analysis. Briefly, the testes were cut into small pieces and treated with a primary fixative solution of 50 mL 2.5% glutaraldehyde in PBS, pH 7.4, at 4°C for 12 h, before being fixed with 20 mL 2% osmic acid in PBS at 4°C for 1 h, washed with 10 mL PBS, dehydrated, embedded in Epon 812, and sectioned. The sections were stained for 20 min with 50 µL 2% uranyl acetate in 70% alcohol, pH 4.2, then 50 µL 0.08 M lead citrate solution, pH 12, and subsequently analyzed by transmission electron microscopy, using which images were recorded. SSC clusters were harvested by gentle pipetting, aggregated by centrifugation at 300 g, embedded as groups in 0.1% agarose, and treated with the same procedure as that used for testis tissue.
Induced SSC differentiation
SSCs from passages five and 15 were selected for differentiation. Cells were seeded on an STO feeder layer and incubated in DMEM/F12 containing 1X B27 supplement, 3 mg/ mL BSA (catalogue No. A7030; Sigma), 0.01 mM retinoic acid (catalogue No. R2625;Sigma), 2.5x 10 -5 U/mL follicle-stimulating hormone (FSH; catalogue No. HOR-285; ProSpec, Rehovot, Israel), and 10 µg/mL insulin-like growth factor (IGF; catalogue No. I3769; Sigma) at 32°C in a 5% CO 2 atmosphere for 8 days. The cells were then harvested for flow cytometry analysis, with uninduced SSCs on an STO feeder layer being used as a negative control.
RESULTS
Immunohistochemistry of testicular tissue
Germ cells, including type A single and paired spermatogonia localized on the basement membrane of seminiferous tubules, were observed to express UCHL1, as were gonocytes adjacent to the seminiferous tubule lumina ( Figure 1A) . DBA staining was also detected in type A single and paired spermatogonia and gonocytes ( Figure 1B ). Nuclei were revealed using Hoechst 33342 staining ( Figure 1C) , while double staining revealed that germ cells expressing UCHL1 were also bound by DBA ( Figure 1D ). 
Isolation and proliferation of SSCs
The average number of harvested SSCs ranged from 0.5 x 10 5 to 2.5 x 10 5 after isolation. A combination of growth factors, including GDNF, GFra1, and bFGF, has been shown to support the proliferation of these cells isolated from mice (Kubota et al., 2004) ; therefore, these same proteins were employed in the present study to promote the growth of Bama mini-pig SSCs. Small, round cells of various sizes were seen on the STO feeder layers after 3 days of culturing the isolated cells on 12-well plates (Figure 2A ). The cells were passaged every 4-5 days. At passages one and two, no clustering among the few cells present was apparent, but by the third passage, cell clusters were evident ( Figure 2B ). Two days after passage, the cells aggregated and formed a flat cluster on the STO feeder layer. The clusters then grew in size and took on a three-dimensional form with unclear borders ( Figure 2C ).
The germ cells continuously formed clusters throughout the subculturing process, as observed during passages 10 ( Figure 2D ), 15 ( Figure 2E ), and 20 ( Figure 2F ). To date, the cells have been cultured for over 100 days and maintain a normal growth rate. 
SSCs cultured in vitro expressed typical germ cell markers
To characterize the clusters cultured in vitro, cells at passages five, 10, and 15 were selected and stained with DBA and antibodies targeting germ cell markers, including UCHL1 and CDH1. At passage five, DBA bound to the clusters, double staining of which demonstrated that DBA-positive cells also expressed UCHL1 and CDH1. In addition, staining of clusters with an antibody binding OCT4 showed that a subset of cells expressed this stemcell specific marker. The same results were observed at passages 10 and 15 (Figure 3) . Thus, immunocytochemical staining revealed the clusters to consist of SSCs.
Comparison of cellular ultrastructure between in vitro and in vivo SSCs
The environment to which SSCs are exposed in testes differs dramatically from that in a laboratory culture. In testis tissue, the many influences acting on SSCs result in a balance between proliferation and differentiation, but these factors are absent from in vitro cultures. It is not known whether such differences could lead to ultrastructure change. Thus, electron microscopy analysis was performed to compare SSCs in testes with those cultured in vitro. The former were round in shape, exhibited a large nucleus and a high nucleus-to-cytoplasm ratio ( Figure 4A ), and contained a small number of mitochondria in the cytoplasm ( Figure  4B ). The STO cells were large, contained a small nucleus, and showed a low nucleus-tocytoplasm ratio, making them distinct from SSCs ( Figure 4C ). SSCs cultured in vitro had a flat morphology and were tightly bound together ( Figure 4D ). 
SSCs cultured in vitro can undergo meiosis
Proliferation of SSCs in the laboratory is carried out to provide enough cells for research into their differentiation, and requires that cultured SSCs maintain their stem cell properties. To investigate whether these cells are able to undergo meiosis when cultured in vitro, their DNA content was determined by flow cytometry analysis after 8 days of induction. No haploid peak was observed in the control group ( Figure 5A ), but one was evident after induction at passages five ( Figure 5B ) and 10 ( Figure 5C ), showing that SSCs cultured in vitro can be induced to undergo meiosis. 
DISCUSSION
The development of germ cells in testes is a complex and organized process. Primordial germ cells (PGCs), which form at an early stage of fetal development, are the origin of the germline. In males, PGCs are enclosed by the spermatic cords and give rise to gonocytes. These cells migrate to the basement membrane of the seminiferous tubules after birth and generate type A spermatogonia (Kluin and de Rooij, 1981) , which maintain spermatogenesis throughout post-pubescent life. Generally, SSCs in newborn piglet testes are undifferentiated and their low numbers preclude the isolation of sufficient cells for culture. However, it has been reported that SSCs can be isolated from piglets (Zheng et al., 2013) . For instance, Goel et al. (2007) described the purification of SSCs from piglets aged 3 weeks, and these cells have also been isolated from 7-month-old calves (Izadyar et al., 2002) . Moreover, SSCs can be successfully obtained from adult animals (Mohamadi et al., 2012) . In this work, the testes of a 1-month-old Bama mini-pig were used to isolate SSCs.
The lectin DBA, which had previously been found to bind to porcine PGCs, has been identified as a specific marker of porcine gonocytes and primitive spermatogonia, but does not bind to SSCs in pig testis tissue by the age of 5 months (Goel et al., 2007) . Thus, DBA binding cannot be regarded as a universal SSC indicator. In this study, immunohistochemical staining showed that DBA could bind to these cells in the testis tissue of a young piglet, and all cultured SSCs were isolated from the same testis. Therefore, DBA was used to identify these cells in the present work. It has been reported that all type A spermatogonia demonstrate stem cell potential (Phillips et al., 2010) . In this research, DBA was seen to bind some interstitial testis cells, but never Sertoli cells. UCHL1 staining was found in gonocytes and type A single and paired spermatogonia, consistent with previous findings (Luo et al., 2006) . Unlike DBA binding, UCHL1 expression is observed in undifferentiated porcine SSCs at all ages, and has been used to identify these cells in pigs, buffalo, cows, and humans (Luo et al., 2006; Goel et al., 2010; He et al., 2010; Fujihara et al., 2011) . In the present study, expression of this protein by SSCs in testis tissue was also observed; therefore, it can be used to distinguish Bama minipig SSCs cultured in vitro. Cells staining positive for UCHL1 were of various diameters, similar to the results reported in a previous study using boar tissue (Luo et al., 2006) . Thus, the SSC population comprises cells of several sizes.
There are a number of approaches for isolating SSCs, including discontinuous density gradient centrifugation, separation with immunomagnetic beads, and differential plating, each of which has its disadvantages. For instance, in discontinuous density gradient centrifugation, somatic cells may be mixed with SSCs, and a yield of 69% germ cells has been reported using this method (Goel et al., 2007) . Separation using immunomagnetic beads can exclude SSCs that fail to bind to the antibody used. This technique has been employed to isolate THY1-positive SSCs from a male dairy goat (Wu et al., 2013) . Differential plating, meanwhile, may result in the loss of some SSCs through their attachment to the bottom of the collagen-coated plate after an extended culture period. In a previous study, 73% of the cells isolated using this procedure were found to be SSCs (Izadyar et al., 2002) . Here, a modification of the differential plating process was employed to isolate Bama mini-pig SSCs, in that gentle pipetting was carried out 20 min after seeding to minimize attachment of these cells to the collagen-coated plate.
A defined medium is essential for SSC culture in order to eliminate unknown factors that may affect cellular physiology. Both serum and feeder layers contain many such uncharacterized components. Mouse SSCs have been shown to proliferate in serum, serumfree, feeder-free, and feeder-and serum-free culture systems (Kanatsu-Shinohara et al., 2003; Kanatsu-Shinohara et al., 2005; Araki et al., 2010; Kanatsu-Shinohara et al., 2011) . Goel et al. (2007) maintained isolated porcine gonocytes for 7 days in DMEM/F12 containing 10% serum, while more recently, Zheng et al. (2013) incubated piglet SSCs with different serum concentrations and growth factors, with a primary culture time of 10 days. Previous research has shown that it is possible to maintain porcine SSCs for 60 days at 31°C (Lee et al., 2013) . In the present work, Bama mini-pig SSCs were cultured in serum-free medium for at least 100 days and passaged over 20 times, while immunocytochemistry revealed cell clusters to be positive for DBA, UCHL1, and CDH1, confirming them to be comprised of SSCs. Thus, a sufficient number of SSCs were produced to be used for transgenic manipulation and exploration of the mechanism underlying spermatogenesis.
SSCs cultured in vitro are free from the influence of factors present in testes, meaning that the culture medium environment is completely different from that in vivo. We speculated whether this change could lead to a difference in ultrastructure, especially the number of mitochondria. The ultrastructure of SSCs from fish has been described in previous study, in which these cells were described as containing a small number of mitochondria (Lacerda et al., 2014) . In our work, we found that SSCs cultured in vitro were of a similar character to those in testis tissue. Aside from the flat shape of the former, owing to the formation of clusters that deformed the cells of which they were comprised, no other difference was found.
It has been reported that ESCs can undergo meiosis in medium supplemented with retinoic acid (Geijsen et al., 2004) . Furthermore, stem cell factor triggers the differentiation of type A spermatogonia (Feng et al., 2002) , while meiosis in SSCs is induced by the presence of testosterone and FSH (Minaee Zanganeh et al., 2013) . In the present study, retinoic acid, IGF, and FSH were used in the differentiation medium. To investigate whether the SSCs cultured in vitro underwent meiosis after induction, they were harvested for DNA content analysis. A haploid peak was observed following induction, indicating the presence of haploid cells among the SSCs. Hence, our data show that meiosis was successfully induced in these cells, demonstrating that SSCs cultured using our system maintain their stem cell potential and could be useful in further research.
CONCLUSIONS
To date, we have maintained an in vitro Bama mini-pig SSC culture for over 100 days. These SSCs retain their normal proliferation ability and continue to form clusters. Moreover, they are able to undergo meiosis after induction, providing a culture system generating a sufficient number of cells in vitro to function as a platform for further research.
